Introduction
An organisms' capacity to detect and efficiently process emotional information in the environment can be crucial for its survival, e.g. it can be life-saving to quickly respond to subtle visual or auditory cues that may indicate the approach of a potential predator. Human studies on the neural underpinnings of such processing capacities revealed that emotionally arousing visual stimuli evoke enhanced activation in early visual cortex, including areas which are responsible for basic visual feature analyses (V1 and V2). This phenomenon has been consistently observed across a wide range of methods including electroencephalography (EEG) (Junghofer et al., 2006; Keil et al., 2005; Leutgeb et al., 2009; Schupp et al., 2003 Schupp et al., , 2004 , functional magnetic resonance imaging (fMRI) (Alpers et al., 2009; Lane et al., 1999; Lang et al., 1998) , and optical imaging (Alpers et al., 2005; Herrmann et al., 2008; Minati et al., 2009) . Investigating the underlying mechanisms, neuro-anatomical (Amaral et al., 2003; Catani et al., 2003) and functional imaging studies (e.g. Davis and Whalen, 2001; LeDoux, 1998 LeDoux, , 2000 Sabatinelli et al., 2005 Sabatinelli et al., , 2009 Vuilleumier et al., 2004) suggest that core structures of emotional processing, in particular the amygdala, prime these early visual processing circuits through re-entrant projections. Advantageous consequences of enhanced early visual cortex activation comprise enhanced perception Gerdes, 2007, 2008) , improved sensory discrimination (Phelps et al., 2006) , and facilitated detection of potentially relevant environmental stimuli (Öhman and Mineka, 2001; Padmala and Pessoa, 2008) , which may support the organism to quickly initiate appropriate approach or avoidance behavior in response to salient cues (Lang, 1995; Lang et al., 1997) . Thus, the modulating impact of emotional arousal on neural processing at basic steps within the visual information pathway may be part of an evolutionary adaptive mechanism.
While the literature on emotional modulation in sensory areas has been well advanced with respect to the visual domain, the picture is less than complete for other sensory modalities. Salient information, however, is often also provided by auditory cues. Different from vision, auditory sensitivity allows organisms to receive information at long distances (e.g. thunder or a growling predator) and in any direction without the need to be focused on it. Furthermore, compared to visual cues, auditory stimuli lead to slightly faster motor reaction times (e.g. Hovland and Bradshaw, 1937) making audition interesting for emotional processing. Therefore, it is particularly important to examine whether emotion also enhances activity of basic sensory areas in the auditory domain. There are several arguments why enhanced sensory cortex activity may be independent of sensory modality: from an anatomical perspective afferent and efferent connections between the amygdala and cortical areas have also been documented for the auditory NeuroImage 55 (2011) [1200] [1201] [1202] [1203] [1204] [1205] [1206] [1207] system (Doron and LeDoux, 1999; Woodson et al., 2000; Yukie, 2002) . Furthermore, auditory signals of emotion activate emotional core structures in the human brain such as the amygdala (Anders et al., 2008; Belin et al., 2008; Ethofer et al., 2006; Fecteau et al., 2007; Johnstone et al., 2006; Royet et al., 2000; Sander and Scheich, 2005; Wiethoff et al., 2009; Wildgruber et al., 2006) . Finally, emotional sounds elicit behavioral (e.g., reaction times) and psychophysiological responses (e.g., modulated startle) which are very similar to those evoked by emotional pictures (e.g., Bradley and Lang, 2000; Czigler et al., 2007; Magnée et al., 2007; Partalaa and Surakka, 2003; Royet et al., 2000) .
Nevertheless, studies on hemodynamic changes in response to auditory emotional stimuli in humans are relatively rare. Moreover, the existing studies did not investigate neural responses to unpleasant and pleasant stimuli (Blood and Zatorre, 2001; Frey et al., 2000; Maddock and Buonocore, 1997) or did not specifically focus on emotional modulation of the auditory cortex (Anders et al., 2008; Fecteau et al., 2007;  for an exception see Wiethoff et al., 2008) . Finally, the existing studies with auditory cues mainly used restricted subsets of auditory stimuli such as emotional prosody or human vocalization Johnstone et al., 2006; Morris et al., 1999; Wiethoff et al., 2009 Wiethoff et al., , 2008 Wildgruber et al., 2006) , so that direct comparisons with results from the visual domain are difficult to achieve.
The relatively sparse information on auditory cortex activation during emotion processing may be partially due to methodological issues. It can be difficult to study the effects of emotional sounds in conventional fMRI scanners where MR gradient noise often exceeds 100 dB sound pressure level (SPL). Gradient noise has been shown to interfere with auditory stimulation (Bandettini et al., 1998) , potentially even in a non-additive manner (Gaab et al., 2007) . Furthermore, it can induce stress and annoyance (e.g. Pripfl et al., 2006) which is prone to interact with affective stimulation. While sophisticated fMRI protocols have been developed to reduce the impact of acoustic scanner noise (Amaro et al., 2002; Blackman and Hall, in press; Griffiths et al., 2001; Hall et al., 1999; Hennel et al., 1999; Marcar et al., 2002; Obleser et al., 2007; Yetkin et al., 2003) , the fMRI scanner environment (strict movement restrictions; claustrophobic situation) may still interfere with emotional processing at least in some humans.
Alternative functional imaging methods may complement existing approaches to investigate the auditory system. One such alternative is functional near-infrared spectroscopy (fNIRS), a silent and non-invasive optical imaging method where movement restrictions are less rigorous (no head fixation necessary) and the subject can sit in an upright position. Like fMRI, fNIRS measures hemodynamic changes (Ferrari, 2004; Hoshi, 2003; Obrig and Villringer, 2003) and enables to reliably detect task-specific brain activation (Plichta et al., 2006a (Plichta et al., , 2007c (Plichta et al., , 2006b . Recently, fNIRS has been successfully applied to investigate emotional modulation of the visual cortex (Herrmann et al., 2008; Minati et al., 2009 ) but an investigation of the auditory domain is pending.
Therefore, the aim of the present study is to investigate whether (complex) emotional sounds modulate activation within auditory sensory areas, an effect that has been consistently observed in the visual domain. Standardized pleasant, unpleasant, and neutral sounds (including both human and nonhuman sources) were selected from the International Affective Digitized Sound System (IADS, Bradley and Lang, 1999) and presented to healthy participants while evoked auditory cortex activation was recorded with a silent hemodynamic imaging technique (fNIRS).
Methods

Participants
A total of 17 participants were examined (mean age = 25.94 ± 4.59 years; 7 males). All participants had normal hearing and no history of any neurological disorder. All participants were informed about the nature of the experiment as well as the operating mode of the fNIRS instrument, before giving written informed consent. A brief instruction to remain relaxed and to avoid major body movement was given. The fNIRS-investigation of healthy participants and the whole experimental procedure was in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of the medical faculty of the University of Würzburg.
Auditory stimulation
The stimulus material consisted of 20 unpleasant (e.g., screaming adult, crying child and humming wasps), 20 pleasant (e.g., laughter, erotic sighs, and applause) and 20 neutral sounds (e.g. clacking type writer, cackling chickens, and ticking clock) selected from the International Affective Digitized Sounds (IADS) (Bradley and Lang, 1999 ) -see Appendix A. Pleasant and unpleasant sounds were matched for levels of arousal. Due to the heterogeneity of the sound material, two raters categorized the IADS sounds into two classes (human vocal sounds and non-vocal material). Subsequently, the three emotional categories were balanced for these classes of sounds (see Appendix A for details of the selected IADS sounds) preventing biased results due to dominance of human vocalizations within the categories (Belin et al., 2000) . Prior to testing, all IADS sounds were adjusted to equal peak sound pressure level (dB SPL). Furthermore, it was assured that the mean intensity contours and power spectra were comparable across the sound categories. Standard insert earphones for audiometry (E-A-RTONE® 3A 10 Ω, Aearo Company, Indianapolis, IN) were used for acoustic stimulation. A detailed description of earphone characteristics, pre-processing of the IADS sound material and tests on differences between the sound categories concerning physical parameters (including spectro-temporal modulation analyses according to Kumar et al., 2008) can be found in the Supplementary material.
Procedure
The presentation of instructions and stimuli as well as the recording of behavioral responses was controlled by the high-precision software Presentation© running on an Intel® Celeron Processor (500 MHz) with a 19″ monitor (resolution of 1280 × 1024). After the two 22-channels fNIRS probe-sets were adjusted and the in-ear headphones inserted, three example sounds were presented (which were not used in the subsequent experimental run) in order to familiarize the participants with the stimulation set-up. The following experiment consisted of 5 blocks with unpleasant, 5 blocks with pleasant, and 5 blocks with neutral sounds which were presented in pseudo-randomized order. Each block had a duration of 24 s with four different, randomly chosen sounds (each of 6 s duration in maximum -see Table 1 for exact sound durations) of the same valence category presented every 6th second. No inter-stimulus-interval appeared between the sounds except for minimal time gaps (0.05 s on average) between the actual ending of a sound and the 6th stimulation second. Each block was followed by a quiet resting phase of 24 s. The entire fNIRS recording took about 15 min. After this, all sounds were presented again and the participant had to rate each one of them on valence (1 to 9, anchored as "very unpleasant" and "very pleasant") and arousal (1 to 9, anchored as "not at all intense" and "very intense").
fNIRS measurements and analyses
The continuous wave system (ETG-4000, Hitachi Medical Co., Japan) is described in detail elsewhere (Plichta et al., 2006b ). The inter-optode distance was 30 mm and the sampling rate was set to 10 Hz.
The two 22-channel probe-sets were placed on the scalp above the left and right temporal lobes based on the results of a pilot study (see Supplementary material) where the identical fNIRS system, probe-sets and a neutral sound stimulation (1000 Hz tone) were applied. Accordingly, channel #7 was placed above EEG marker position T3/T4 (10-20 system) and the probe-sets were then rotated in such a way that the vertical mid optode column (between channels #7 and #16) paralleled a line between T3/T4 and C3/C4. Channels covering and directly surrounding T3/T4 which indicate significant activation in the pilot study (i.e., channel #2, #3, #7 and #11 (left) or #12 (right), respectively) were defined as a-priori region-of-interest (ROI). We defined non-ROI channels as outside ROI minus the directly adjacent channels of the ROI (Fig. 1) .
The fNIRS data were analyzed according to the general linear model (GLM) with custom software programmed in Matlab® (MathWorks, Natick, MA) as described in Plichta et al. (2007b) . For detrending of the functional data, a discrete cosine transform (DCT) based high-pass filter (156 s) was applied. The design matrix included three boxcar regressors (one for each emotion category), which were convolved with a Gaussian hemodynamic response function (HRF) to predict brain activation (HRF peak-time = 6.5 s; FWHM = 5.89). Beta-weights, scaling the predictors, served as the fNIRS amplitude estimates. All analyses were corrected for serial correlated errors by fitting a first-order autoregressive process (AR[1]) to the error term by the Cochrane-Orcutt procedure (Cochrane and Orcutt, 1949) .
In order to ensure that the statistical comparison of emotional vs. neutral sounds is restricted to the auditory cortex we identified channels that indicate activation evoked by all three sound categories separately (conjunction null hypothesis according to Nichols et al., 2005) within the a-priori ROI (alpha = 0.05). The beta-estimates from those channels were then averaged and subsequently tested by a 2 × 2 × 3 repeated-measures ANOVA comprising the three withinsubject factors hemisphere (2: left and right), region (2: ROI and non-ROI), and emotion (3: neutral, pleasant, and unpleasant sounds). Significant interaction effects (simple or second order) were analyzed by post-hoc analyses on the individual factor-levels. GreenhouseGeisser correction was used where appropriate. For directed hypotheses, one-tailed post-hoc t-tests were used (pleasant sounds N neutral sounds and unpleasant sounds N neutral sounds; Bonferroni corrected alpha = 0.05). The difference between pleasant vs. unpleasant sounds was tested by means of a two-tailed t-test at an uncorrected alphalevel of 0.25, which is associated with a statistical power of 0.80 at a moderate effect size of dz = 0.5 (Faul et al., 2007) . In addition to p-values, effect size parameters are always reported as η p 2 for ANOVAs and dz for dependent t-tests. While both fNIRS parameters (O 2 Hb and HHb) were fully analyzed, the focus of the results section is on the HHb parameter because O 2 Hb have lead to ambiguous results in previous studies while HHb results are more closely in line with fMRI data on the emotional modulation of brain activation (see Alpers et al., 2005; Herrmann et al., 2008; Plichta et al., 2007a ).
Results
Self-report
As expected, the ratings differed between the sound categories, with a main effect of sound category for valence (pleasant: M=5.72, SD= Post-hoc t-tests showed that pleasant sounds were rated as more pleasant than neutral (t(16)=10.11, pb 0.001, dz=2.45) or unpleasant ones (t(16)=15.38, pb 0.001, dz=3.73). Unpleasant sounds were rated as more unpleasant than neutral ones (t(16)=6.18, pb 0.001, dz =1.50). Arousal ratings of pleasant and unpleasant sounds did not differ significantly (t(16)=0.35, p=0.731, dz=0.08), whereas both categories were rated as more arousing than neutral sounds (pleasant-neutral: t(16) = 6.01, p b 0.001, dz = 1.46; unpleasant-neutral: t(16) = 6.52, pb 0.001, dz=1.58).
fNIRS results
A complete list of the mean fNIRS amplitude estimates including standard errors resulting from the second level analyses can be found in Tables 1 and 2 . For the HHb data, sound stimulation led to highly significant bilateral activation within the auditory cortex (F region (1, 16) 
Discussion
This is the first fNIRS study to examine whether auditory cortex activation is modulated by emotionally arousing complex auditory stimuli. Consistent with our hypothesis, we found that pleasant as well as unpleasant sounds led to higher auditory cortex activation as compared to neutral sounds. This finding is in line with previous functional imaging studies on visual stimuli, where occipital regions were found to be more activated by emotionally arousing compared to neutral stimuli (Alpers et al., 2009 (Alpers et al., , 2005 Bradley et al., 2003; Herrmann et al., 2008; Lane et al., 1997; Lang et al., 1998; Minati et al., 2009 ). Thus, the present results clearly demonstrate that human auditory cortex activation is comparably modulated by complex emotional sounds. This adds to the growing evidence that the enhanced activation of sensory areas in response to emotional stimuli is apparently not restricted to a specific sensory modality, but that it is a more general principle of sensory processing (see Wiethoff et al., 2008) . Most importantly, our results support the idea that emotional enhancement of basic sensory activation may represent an important adaptive mechanism to facilitate sensory encoding of emotionally significant stimuli. This may help the organism to quickly discriminate between relevant and irrelevant information and to prepare for adequate behavioral responses. Ultimately, successful survival could depend on enhanced sensory processing associated with facilitated identification of crucial information coming from the surroundings (Öhman et al., 2000; Öhman and Mineka, 2001 ). The finding that both pleasant and unpleasant sounds evoked enhanced activation in auditory cortex is also in line with results from the visual domain. Functional imaging and EEG studies typically document that pleasant and unpleasant pictures are both processed more intensively in occipital regions (e.g. Bradley et al., 2003; Herrmann et al., 2008; Lang et al., 1998; Schupp et al., 2003) . It is generally assumed that this is induced by re-entrant projections from the amygdala (e.g. Keil et al., 2009 ), which does not respond to valence of emotional stimuli per se (see meta-analyses from Murphy et al., 2003; Sergerie et al., 2008; Wager et al., 2003) , but rather encodes the emotional salience of highly arousing stimuli (D. Sander et al., 2003) , and is, thus, involved in the processing of both unpleasant and pleasant stimuli (but see also e.g. Gerdes et al., 2010) . Our findings support the view that this mechanism also applies for auditory cues (Baxter and Murray, 2002; Fecteau et al., 2007 ; K. Sander et al., 2003; Sander and Scheich, 2001; Zald, 2003) .
It is plausible, that activation of the amygdala in response to auditory emotional stimuli (Fecteau et al., 2007) may be the driving force of the enhanced processing in auditory cortex via direct or indirect modulating ascending neural pathways (Doron and LeDoux, 1999; LeDoux, 1996; Woodson et al., 2000) . However, there may also exist top-down influences on sensory areas due to re-entrant processing not only from subcortical areas like the amygdala, but also from the higher-order cortical areas as observed for emotional pictures in the visual modality Sabatinelli et al., 2009) . To this end, one may speculate that analogue to the visual domain (Martínez et al., 1999) , an initial bottom-up auditory analysis is followed-up by an re-entrant modulation stemming from feedback signals originating in higher auditory cortex, prefrontal areas, or subcortical structures. Thus, prefrontal feedback in order to enhance sensitivity of auditory neurons to attended relevant stimulus features is highly likely (Jäncke et al., 1999; Jäncke and Shah, 2002) and does not weaken the implication of our findings.
However, the involvement of the amygdala could not be tested in our study since fNIRS measures are limited to cortical areas. Activation of the prefrontal cortex, which was only partially accessible with the current setting, may have remained unrevealed due to methodological issues (Singh et al., 2005) .
Emotional stimuli: inherent physical properties or not?
The investigation of perceptual and cognitive functions with noninvasive brain imaging methods critically depends on the careful selection of stimuli in experiments. Comparing human vocal and nonvocal sounds, Belin et al. (2000) showed that large parts of the auditory cortex respond stronger to human vocalizations than to other non-vocal sounds. Furthermore, Ethofer et al. (2009) demonstrated that emotional modulation effects also occurred within these regions. Therefore, in the present study the stimuli of the three categories are matched according to the ratio of human vocal sounds in the present study.
A further important aspect is the characterization of the stimuli's physical properties and its comparability across the categories (see also Wiethoff et al., 2008) . Focusing on the perceived unpleasantness of sounds, Kumar et al. (2008) noted that two classes of explanation for the perceived unpleasantness can be distinguished: first, sounds may contain features that inherently evoke negative (or positive) emotional responses or, second, associative learning. As shown in the visual research domain, visual perception and associated brain activation is strongly influenced by physical properties of the pictures, such as size, luminance, contrast or spatial frequency (Baas et al., 2002; Plichta et al., 2007b; Yue et al., 2011) . This has been often neglected when emotional vs. neutral stimulus material was compared. Delplanque et al. (2007) showed that some of the negative stimuli contained in the international affective picture system (IAPS) have a higher fraction of lower spatial frequency as compared to neutral ones. Meanwhile, however, it has been shown that the emotional effect is not solely explained by physical properties De Cesarei and Codispoti, 2006; Sánchez-Navarro et al., 2006) and studies which carefully controlled their visual stimulus material for physical characteristics still report strong emotional effects (Junghofer et al., 2001 (Junghofer et al., , 2006 Keil et al., 2003; Sabatinelli et al., 2007) .
However, in principle an infinite number of possible physical properties exists which may have an impact on neural sensory processing. In the case of sound material, it might well be that besides very basal parameters that were explicitly held constant across the sound categories in the current study (mean amplitude; frequency composition), other features e.g. the spectro-temporal modulation (Shamma et al., 1993) content of the sound material has an impact. Kumar et al. (2008) showed spectral frequencies between 2500 and 5500 Hz temporally modulated in a range of 1-16 Hz to be associated with the perceived unpleasantness. Therefore, we analyzed our selected sound material post-hoc according to the procedure described in Kumar et al. (2008) . Analyses indeed showed subtle differences between emotional and neutral sounds. Re-analyses of our fNIRS data, however, demonstrated that these differences in spectrotemporal modulation do not solely explain our findings at the neural level (the complete results can be found in supplementary material).
fNIRS related issues
We used fNIRS as a brain imaging technique to shed light on emotional modulation in the auditory domain because it has inherent advantages to study activation evoked by emotional sounds: fNIRS is non-invasive, silent and the neuroimaging setting may be ecologically more valid for the examination of human cortical emotional processing (Hoshi et al., in press ). The results obtained in the present experiment confirm that fNIRS is capable of detecting auditory activation. However, fNIRS specific shortcomings had to be critically considered and accounted for during experimental planning and data analyses: because fNIRS does not provide an anatomical image, we carefully planned the ROI definitions. A pilot study with emotionally neutral 1000 Hz tone stimulation was performed to identify channels that reflect auditory cortex activation. In addition, all tests of the emotional modulation were performed on amplitude estimates from channels which were identified as being significantly active during all acoustic stimulations, irrespective of the emotion condition (conjunction hypothesis). This is particularly important because it ensures that genuine auditory cortex activation was compared across conditions. This strategy can be described as datadriven and relying on functional criteria rather than probabilistic projection methods (Okamoto et al., 2004) . In addition, we analyzed non-ROI data to inspect the specificity of the results. Indeed, the results showed that the identified emotional modulation of activation was limited to auditory cortex and did not extend to areas surrounding the ROI. Nevertheless, the interpretation that we found emotional modulation in a single and homogeneous neural system can be challenged because spatial resolution of our fNIRS measure is rather low. With the higher spatial resolution provided by fMRI it can be demonstrated that complex sounds engage distinct areas within the auditory cortex (Leaver and Rauschecker, 2010) . It might be argued that the applied pleasant and/or unpleasant sounds in our study do engage distinct areas as compared to neutral sounds and therefore mimic higher amplitudes as measured with fNIRS putatively because these distinct areas are larger or more surface prone. However, careful selection and matching of sounds across the categories according to different classes and physical properties prevents (as far as possible) this potentially confounding effect. Moreover, we did not consider discrete emotional categories as e.g. happiness, sadness, anger, fear, or disgust (Stevenson and James, 2008) , which were shown to activate distinct behavioral and neural patterns for visual and auditory stimuli Grandjean et al., 2005; Murphy et al., 2003; K. Sander et al., 2003) . Thus, specific contents may also account for activation in distinct areas of the auditory sensory system.
Finally, with the current spatial resolution it is not possible to reliably disentangle primary auditory cortex and non-primary auditory cortex activation. While clear-cut primary auditory cortex modulation would definitely strengthen the parallel of the current findings to results in the visual domain, the unambiguous identification of primary auditory cortex is not a prerequisite for the conclusion that basal sensory processing is modulated by emotion and that this may reflect an important evolutionary principle. Importantly, it is rather unlikely that we only captured activation in areas which are unspecific to audition (multimodal areas or higher cortical associations): the location of our detected activation is nearly identical to the results obtained in our event-related 1000 Hz tone stimulation study (compare Fig. 2 and Supplementary material) for which primary auditory cortex sensitivity is high. Furthermore, the detected activation declines rather abruptly outside of the pre-defined ROI at channels #4, #8, #12, #16 (left hemisphere) and channels #1, #6, #11, #16 (right hemisphere) which parallels the presumed position of the sylvian fissure. This boundary is useful to render more precisely the position of our activation cluster in relation to the underlying cortex: accordingly, relative to channel #7 (i.e. T3/T4) for which Brodmann area (BA) 21 may be most likely (Okamoto et al., 2004) posterior-superior channel #11 (left hemisphere) and #12 (right hemisphere), positioned at the upper border of the activation cluster, are most likely located above BA 41/42. Separate analyses for these channels did not change the reported results.
In line with existing fNIRS studies on emotional modulation of brain activation (Alpers et al., 2005; Herrmann et al., 2008) , we found statistically more robust results for HHb compared to O 2 Hb (but see also Minati et al., 2009 ). However, in most other research domains, O 2 Hb appears to be more robust than HHb results (Holper et al., 2009; Plichta et al., 2006b; Schecklmann et al., 2007 Schecklmann et al., , 2008 Wolf et al., 2002) and diverging results are often interpreted as a lack of statistical power for the HHb parameter. On the other hand, we have previously suggested that HHb may have a higher spatial specificity and a higher local statistical power as compared to O 2 Hb (Plichta et al., 2007c) .
A possible explanation for the differences we observed here may be the impact of emotional arousal on systemic variables. For example, it has been shown that unpleasant pictures decrease heart rate compared to neutral and pleasant pictures, and that pleasant pictures increase blood pressure compared to neutral and unpleasant stimuli (Hempel et al., 2005; Sarlo et al., 2005) . Because heart rate and blood pressure correlate with signal changes in O 2 Hb but not in HHb (Mehagnoul-Schipper et al., 2000) , such systemic changes may have reduced the robustness of O 2 Hb as compared to the HHb effects. Because we did not measure heart rate or blood pressure in this study, this interpretation remains speculative and needs to be considered in further research.
Conclusion
The present study demonstrated that auditory emotional cues modulate the activity of sensory areas as it has been shown for the visual domain. Our results underscore the idea that enhanced sensory processing of emotional stimuli may be an adaptive mechanism that enables the organisms to quickly and effectively respond to meaningful stimuli in the environment. 
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